We use hydrofluoric acid microdroplets to directly etch highly birefringent biconical fiber tapers from standard single-mode fibers. The fiber tapers have micrometer-sized cross sections, which are controlled by the etching condition. The characteristic teardrop cross section leads to a high group birefringence of B G ≈ 0.017 and insertion losses <0.7 dB over waist lengths of about 2.1 mm. © 2012 Optical Society of America OCIS codes: 220.4000, 220.4610, 260.1440. A biconical fiber taper consists of a micrometer-scale waist region that adiabatically transitions to standard optical fiber for input and output. It connects the benefits of an optical fiber with the characteristics of a high index contrast waveguide at the taper waist. For waist diameters commensurate with the optical wavelength, the mode in the waist region possesses a large evanescent field exposed to the environs. This property makes fiber tapers useful for coupling to photonic devices [1] [2] [3] and sensing [4, 5] . However, it also necessitates excellent control of the sidewall smoothness and cross-section geometry. An axially asymmetric cross section causes birefringence, which can be large at micrometer-sized cross sections. Birefringent fiber tapers have applications for sensing, polarization maintaining couplers, and coupling to photonic integrated circuits [6] [7] [8] . Fiber tapers are commonly produced by the controlled heating and pulling of a single-mode fiber (SMF), since wet etching with hydrofluoric acid (HF) traditionally failed to produce low losses [3, 9] . Losses as low as 0.1 dB∕mm are feasible at waist diameters of about 500 nm [10] . Birefringent tapers have been formed from heat-pulling rectangular fiber preforms, rectangular fiber sections, and microstructured fibers [11] [12] [13] . The highest measured group birefringence, B G , i.e., the difference in the group indices of the two principal polarizations, is 0.015 [12] . In this Letter, we report low-loss biconical fiber tapers with a high B G ≈ 0.017 and losses <0.7 dB over waist lengths of about 2 mm. The tapers are etched directly from standard SMF-28 fibers using HF microdroplets. The taper cross sections are controlled by the immersion depths of the fiber in the droplet and the HF concentration. The waist length is dependent on the depth of the immersion and the droplet size. The unique fabrication method produces a characteristic teardrop-shaped waist cross section, an essential feature to achieve the high birefringence and low losses. Our results also show excellent agreement with calculations.
A biconical fiber taper consists of a micrometer-scale waist region that adiabatically transitions to standard optical fiber for input and output. It connects the benefits of an optical fiber with the characteristics of a high index contrast waveguide at the taper waist. For waist diameters commensurate with the optical wavelength, the mode in the waist region possesses a large evanescent field exposed to the environs. This property makes fiber tapers useful for coupling to photonic devices [1] [2] [3] and sensing [4, 5] . However, it also necessitates excellent control of the sidewall smoothness and cross-section geometry. An axially asymmetric cross section causes birefringence, which can be large at micrometer-sized cross sections. Birefringent fiber tapers have applications for sensing, polarization maintaining couplers, and coupling to photonic integrated circuits [6] [7] [8] . Fiber tapers are commonly produced by the controlled heating and pulling of a single-mode fiber (SMF), since wet etching with hydrofluoric acid (HF) traditionally failed to produce low losses [3, 9] . Losses as low as 0.1 dB∕mm are feasible at waist diameters of about 500 nm [10] . Birefringent tapers have been formed from heat-pulling rectangular fiber preforms, rectangular fiber sections, and microstructured fibers [11] [12] [13] . The highest measured group birefringence, B G , i.e., the difference in the group indices of the two principal polarizations, is 0.015 [12] .
In this Letter, we report low-loss biconical fiber tapers with a high B G ≈ 0.017 and losses <0.7 dB over waist lengths of about 2 mm. The tapers are etched directly from standard SMF-28 fibers using HF microdroplets. The taper cross sections are controlled by the immersion depths of the fiber in the droplet and the HF concentration. The waist length is dependent on the depth of the immersion and the droplet size. The unique fabrication method produces a characteristic teardrop-shaped waist cross section, an essential feature to achieve the high birefringence and low losses. Our results also show excellent agreement with calculations.
We fabricated the tapers using the microdroplet etch technique initially reported in [14] for circular cross sections. Distinct from conventional etches that use acid baths, our approach uses surface tension driven flows of microliter volumes of HF. The setup is illustrated in Fig. 1(a) , and the method is described in detail in [14] . Briefly, a bare SMF is immersed in a 100 μL droplet of HF solution on the Nalgene dish. The fiber is etched by the HF streams flowing out of the droplet due to the Marangoni effect. A graded diameter variation is created along the fiber and elongated adiabatic transition regions are formed on either side of the droplet. Importantly, the traveling fluid flows reduce the formation of surface corrugations that cause optical losses.
We observed that shallower immersions resulted in more elliptical cross sections and shorter waists than deeper immersions. For shallow immersions, the etch rate near the top of the fiber is slower than the bottom [illustrated in Fig. 1(b) ], because the HF concentration is lower near the droplet meniscus, which envelops the top of the fiber, than in the bulk of the droplet. A deeper immersion results in a uniform etch rate on all sides. Thus, we control the cross-section geometry with the immersion depth, measurable by the length, L, in Fig. 1 , in a multistep procedure. First, we set L to 3 mm in a 49% HF microdroplet to introduce a small ellipticity in the cross section. After about 40 min, we set L to 5 mm to increase the immersion depth for about 35 min until a desired size is reached. Finally, we exchanged the droplet with 10% HF to reduce the etch rate and improve the dimensional controllability. The final stage lasted about 15 min. The progression of the etch is shown in Fig. 1(c) . After the first stage, a slight tip is created near the top of the fiber. As the waist of the taper was etched to micrometer-scale dimensions, the ellipticity became exaggerated to form an asymmetric teardrop shape. The resultant tapers have waist lengths of about 2 mm. A constant immersion at L around 5 mm produced circular cross sections [14] .
To shape the cross section, we varied the immersion depth (L between 2 to 3 mm) and time (between 30 and 45 min) of the first stage of the etch. We define the major and minor axes as, respectively, the maximum vertical and transverse dimensions and an ellipticity parameter, e, as the ratio between the major and minor axes. Longer etch times at shallower immersion depths led to more elliptical (higher e) cross sections. The ellipticity also increased as the cross section became smaller. We produced cross sections of similar areas Fig. 2(d) ] were fabricated. In contrast to circularly shaped tapers in [14] , we found that teardrop-shaped tapers ≪1 μm wide were more prone to breakage.
To compute the modes and expected birefringence of the fiber tapers, we used an analytic approximation of the teardrop shape:
xt C sint sin0.5t; yt D cost; (1) where C and D are constants and t ∈ 0; 2π. We used a finite element method eigenmode solver (COMSOL) to compute the mode of the teardrop cross section in vacuum. Figure 3(a) shows the power flow of the fundamental (y-polarized) mode of the teardrop cross section in Fig. 2(d) with major and minor axes diameters of 1.9 and 1.2 μm (C 0.78 μm and D 0.95 μm). The mode is well confined and is pulled away from the tip of the cross section, which would be a significant contributor to scattering losses. This teardrop shape can possess significant axial asymmetry and does not inherently introduce significant propagation losses. Resonators with a similarly pointed cross-section profile (a "wedge") formed in silica using HF etching were recently shown to have ultrahigh quality factors near 10 9 [15] .
Because of the wavelength-sized cross sections and large index contrast of the taper in vacuum, these tapers are highly dispersive. The group birefringence is
where Δn n x − n y and n x and n y are the effective indices for the x and y polarized modes, respectively. The two terms of B G represent the effective index difference between the two polarizations and the difference in their dispersion. For our taper dimensions, Δn and its dispersion oppose each other, leading to a lowered B G . The solid lines in Fig. 3(c) show the computed values of jB G j at λ 1550 nm as a function of the major axis diameter for several ellipticities. Generally, for the same major axis diameter, jB G j increases with e. As the crosssection dimensions are reduced, jB G j reaches a maximum around a major axis diameter of 2 μm and decreases as the difference in dispersion of the orthogonally polarized modes cancels the effective index difference. For a major axis diameter of about 1.66 μm and e 2, n x 1.18 and n y 1.23, but the group indices for both polarizations are about 1.55 to result in jB G j ≈ 5 × 10 −4 . Although both polarizations are highly dispersive (n x;y ≠ n g ), the dispersion cancels the effective index difference to yield a near-zero group birefringence. This near-zero birefringence condition may be useful for polarization insensitive fiber taper devices. As the major axis diameter is further reduced, jB G j increases since the y polarization becomes more dispersive than the x polarization. Near a major axis diameter of 1 μm, for e 2, the effective indices are n x 1.03 and n y 1.06, while the group indices are about 1.20 (x polarization) and 1.34 (y polarization). This highlights the highly birefringent nature of the fiber (jB G j ≈ 0.14). As the cross section area approaches zero, jB G j reaches another maximum before dropping to zero.
We fabricated a series of tapers with e ranging from 1.4 to 1.8 and major axis diameters between 2 and 5 μm, and we measured B G using the wavelength scanning method [16] . We used a polarization controller to set the input polarization and an inline polarization analyzer at the output to generate a beat pattern between the orthogonally polarized modes. At maximal extinction, the normalized transmission is
where d is the length of the waist. Equation 3 assumes a uniform birefringence within the waist, where the cross section is smallest, and negligible birefringence elsewhere. In general, the birefringence varies with position, so dΔnλ in Eq. 3 should be replaced with the integral of Δn along the length. However, as shown in Fig. 3(c) , jB G j drops off rapidly in the transitions as the major axis diameter increases and e decreases. In the transition regions of most samples, the diameters increased by about 1 μm per 100 μm of length, sufficient to ensure that the measured birefringence was essentially due to the waist only. Neglecting the birefringence in the transitions, B G λ 2
Pd , where P is the wavelength period of the interference fringes. Because of dispersion, jB G j may be very different from Δn. However, only B G was directly measurable.
The measured spectra [ Fig. 3(b) ] generally exhibited high extinction and a clear period, indicating that each polarization supported only one strongly guided mode. For each taper, we measured d by imaging the fiber along its length in a scanning electron microscope, and we cut the waist to image its cross section. Since we could not image the cross section along the entire length of the taper, we defined d empirically to be the length over which the diameter was <1.25× the minimum major axis diameter. This definition of d provided excellent agreement between the measured and theoretical values of B G . For all samples, d was between 1.7 and 2.3 mm, and we used a conservative estimate of 0.3 mm for the error to account for uncertainties in the length and the birefringence in the transition regions. The values of B G of several samples are shown in Fig. 3(c) as the black points, where the ellipticity is indicated with the uncertainty in parentheses. The larger uncertainty in B G for some samples was due to an increased sensitivity to d at short waist lengths. We measured B G as high as 0.017 for a taper with a major axis diameter of 2.7 μm and e 1.8, which is the highest birefringence reported for a fiber taper formed directly from a SMF. The insertion losses were between 0.05 dB (for larger crosssection samples) and 0.7 dB. Although we fabricated tapers with major axis diameters of about 1 μm [i.e., smaller than Fig. 2(d)] , their values of B G were difficult to measure since the extinction of the spectra was reduced as the modes may be weakly guided and near cut off.
In summary, we have used a microdroplet etch method based on surface tension driven flows of HF to fabricate low-loss, adiabatic, highly birefringent fiber tapers from standard SMF-28. The unique teardrop cross section formed autonomously by the etch resulted in a high birefringence at micrometer-scale cross sections without incurring a large loss penalty. The etch can be accelerated by changing the HF concentration or temperature, and longer tapers can be formed by using larger droplets.
